ABSTRACT. The biological characteristics of Aedes aegypti (Diptera, Culicidae), which is a vector of dengue and yellow fever, make this organism a good model for studying population structure and the events that may influence it under the effect of human activity. We assessed the genetic variability of five A. aegypti populations using RAPD-PCR technique and six primers. Four populations were from Brazil and one was from the USA. A total of 165 polymorphic DNA loci were generated. Considering the six primers and the five populations, the mean value of inter-population genetic diversity (Gst) was 0.277, which is considered high according to the Wright classification. However, pairwise comparisons of the populations gave variable Gst values ranging from 0.044 to 0.289. This variation followed the population's geographic distance to some extent but was also influenced by human activity. The lowest Gst values were obtained in the comparison of populations from cities with intensive commercial and medical contacts. These mosquito populations were previously classified as insecticide resistant, susceptible, or with decreased susceptibility; this parameter apparently had an effect on the Gst values obtained in the pairwise comparisons.
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INTRODUCTION
In general, the alleles of a gene do not all exist at an equal frequency within a population and differ among populations throughout a species' distribution. Some alleles are far more common than others and their frequencies may change over time in response to external forces, the basic categories of which are environmental variation, random crosses in smallsized populations (genetic drift) and gene flow. Determining the pattern of how the genetic diversity of species is distributed or organized is important for understanding their biology and history (Falk et al., 2001) .
The factors that affect the pattern of genetic variability in populations of the mosquito Aedes aegypti (A. aegypti) are of special interest because the biological characteristics of this organism cause it to be closely involved with human life. The expansion of the distribution area of this mosquito is highly influenced by human activity, mainly by the transport of eggs and larvae in commerce involving objects such as tires, wells and cans. In addition, their populations are subjected to size variation due to applied control programs, which mainly involve the use of insecticides and the elimination of rearing sites. As a consequence, the factors that normally act on the genetic variability of organisms, especially in A. aegypti may be directly and differentially affected by human behavior.
The peculiar biological aspects of A. aegypti may affect the organization of the genetic variability of this species because it includes various types of populations, such as populations that were most likely founded with a small passively transported sample, populations that have been continuously or eventually subjected to strong reduction through control means, and populations resulting from multiple introductions of mosquitoes originating from the same or different origins. Thus, investigation of the genetic variability of A. aegypti populations may be considered to be of biological interest and ultimately of interest to control programs targeting this species.
In this study, the random amplified polymorphic DNA (RAPD-PCR) technique was used with the main aim of estimating the degree of polymorphism and genetic relatedness between A. aegypti populations. RAPD-PCR basically involves the amplification of random regions of genomic DNA using decameric primers. The polymorphism observed using this technique generally results from base substitutions, insertions or deletions which may alter primer annealing sites or change the size of amplified products. The use of RAPD-PCR requires special care in the control of the experiments to preserve the quality and repeatability of the amplified fragments in gels. RAPD-PCR has been used in thousands of studies of different organisms to identify and differentiate populations, verify their genetic relationships and obtain information about their patterns of colonization, among other aims (Sandoval-Castellanos et al., 2007; Ram et al., 2008; Paraguison et al., 2012) .
The results of the present study produced new information regarding the genetic characterization of A. aegypti populations, showing differential involvement of geographic isolation and passive transport in promoting genetic divergence. The data led to other inferences which are also discussed.
Genetic differentiation of Aedes aegypti populations

MATERIAL AND METHODS
Mosquitoes
The origins, coordinates, codes, degrees of insecticide resistance and numbers of mosquitoes analyzed per primer in each of the five A. aegypti populations are presented in Table  1 . Four of them were from Brazil (São Luís -SL, Bauru -BA, São José do Rio Preto -RP and Araçatuba -AR). The fifth (Rockefeller -RO) was from the USA. The geographic locations of the Brazilian populations are shown on a map in Figure 1 . The analyzed mosquitoes were the F1 generation of the collected individuals, except for the RO population, which has been maintained in laboratory for at least 25 years (Paduan et al., 2006) . Three of the samples (RO, SL and BA) were furnished by the Superintendence of Endemic Disease Control (SUCEN), located at Marilia in São Paulo State, Brazil, which also performed the tests to classify the five populations as resistant, susceptible or having an intermediate status designated "decreased susceptibility". The RO specimens were originally provided to SUCEN by the Center of Disease Control of Puerto Rico (Macoris et al., 2007) . RO is a very important population for comparisons because, due to the widespread use of insecticides promoting resistance, susceptible populations are no longer found. The samples from Araçatuba and São José do Rio Preto were furnished by SUCEN and the Health Secretariat located in these cities, respectively. The mosquitoes were received in the egg stage and allowed to develop until the adult stage in the Vector Laboratory of our Institution. The adults were frozen and stored until processed. Only males were used. 
Insecticide resistance
The classification of the Brazilian populations regarding their level of insecticide resistance was part of the National Program of Monitoring, coordinated by the Health Ministry and held at SUCEN in Marília and other Brazilian centers. Macoris et al. (2003) described the technique used for classification. The mortality tests used the rules established by the World Health Organization- WHO (1976; 1978) . Diagnostic doses of the organophosphorous insecticide temephos and fenitrothion, which are normally applied by health authorities for control, are used in the tests. Mean mortalities greater than 98% indicate susceptibility, while those less than 80% indicate resistance, and mean mortalities between these two values are considered indicative of populations with decreased susceptibility. These criteria were proposed by Davidson and Zahar (1973) .
RAPD-PCR
In the present study, six decameric random primers (from Integrated DNA Technologies, Inc., Coraville, IA USA) were used to generate fragment patterns from the samples analyzed (Table 2) . They were chosen from 22 primers previously tested for quality and repeatability of the bands obtained in gels. Table 2 . Primers used in the RAPD-PCR analysis: code, base sequence, and C + G content.
DNA preparation
DNA was extracted as described by Ayres et al. (2003) . Mosquitoes were homogenized individually in microtubes containing 400 µL lysis buffer (10 mM Tris, 0.4 M NaCl and 2 mM EDTA), 72 µL 10% SDS and 7 µL Proteinase K (10 mg/mL). The tubes were mixed by repeated inversions and incubated overnight at 60°C. Subsequently, 420 µL 5 M NaCl were added to each tube, followed by vortexing for 30 sec and centrifugation for 20 min at 13000 rpm. The supernatant was transferred to new microtubes containing 700 µL isopropanol for DNA precipitation, and the mixture was then vortexed, frozen for one hour and centrifuged for 20 min at 13000 rpm. Next, the supernatant was discarded and 500 mL 70% ethanol was added to wash the pellet. The tubes were subsequently vortexed and centrifuged for 10 min at 13000 rpm. The supernatant was discarded again and the tubes were left to dry for 20 min at room temperature. Finally, the pellet was resuspended in 200 mL ultrapure H 2 O. The DNA content in each sample was quantified using a Nanodrop ND-100. Only samples containing at least 30 ng/µL DNA were analyzed by RAPD-PCR.
DNA amplification
Extracted DNA was amplified as described by Williams et al. (1990) including modifications indicated by Ayres et al. (2003) . PCR was carried out in a 30 µL-reaction mixture containing 1.5 mM MgCl 2 , 50mM KCl, 0.2 mM each dNTP, 400 pM primers, 10 ng of mosquito DNA and 5U Taq polymerase, and PCR buffer and sterile ultrapure water in a variable volume. Amplifications were performed in a MJ Minicycler TM Research PCR system programmed as follows: 94°C for 1 min, followed by 40 cycles of 94°C for 1 min, annealing at the specific temperature required by each primer for 1 min, and extension at 72°C for 2 min. A final extension was performed at 72°C for 10 min. The amplified products were kept at 4°C until use.
Electrophoresis
The PCR products obtained (named bands, loci or fragments) were visualized by electrophoresis in 8% polyacrylamide gels (30% Bis-Acrylamide, 5X TBE, glycerol, 10% Ammonium persulfate). A 10 mL aliquot of the amplified products was applied to the gel which was then subjected to vertical electrophoresis at 90 V for 3 h in 1X TBE buffer. The fragments (or bands) generated were visualized after fixation (with 10% ethanol, 0.75% glacial acetic acid) and staining of the gels with silver nitrate, followed by development (1.5% sodium hydroxide, 0.15% formaldehyde). The gels were dried at room temperature and preserved wrapped in cellophane (Ceron et al., 1992) .
DNA analysis
The bands obtained in the gels from DNA amplified from each mosquito were analyzed to determine the presence or absence and size in base pairs (bp) of specific bands. The frequency of bands in every population was also evaluated. Fragment sizes were obtained by comparison with DNA size markers (1kb DNA Ladder, GIBCO BRL). Fragments larger than 7000 bp or with frequencies below 10% were not considered in the analysis.
Genetic variability of populations
To compare the populations regarding their genetic variability, the bands were scored to generate a matrix of 1 and 0 (presence and absence, respectively). The analysis of these data to estimate allele frequencies was based on the assumptions that 1) bands with different molecular sizes in the gel are each the product of a dominant allele of a locus; 2) different loci segregate independently; 3) bands that comigrate are homologous; and 4) the genotype frequencies at a RAPD locus are in Hardy-Weinberg equilibrium (Ayres et al., 2003) . POPGENE 1.32 software (Yeh et al., 1999 ) was used to estimate intra and interpopulation heterozygosity (Hs and Ht, respectively), the genetic differentiation of populations (Gst) and gene flow (Nm) (Nei, 1987) .
RESULTS
The data on the presence and absence of loci obtained using each primer in every population and their frequencies in terms of the percentage of mosquitoes carrying them are shown in Table 3 . For each primer, the bands or loci were designated L1 to Ln, following the increasing order of size in terms of the number of base pairs (bp). Because the primers have different bp sequences, the bands with the same name produced by each of them are different. To illustrate the banding patterns obtained, an image of one gel is shown in Figure 2 .
A total of 178 loci were generated from the six primers, in the five A. aegypti populations, varying in terms of numbers per primer from 24 (P10) to 38 (P21) and, in size (bp), from 506 (P9) to 6871(P2). Among the 178 loci, 165 were polymorphic (Table 4) .
Considering the polymorphism revealed by the primers in the five populations, we calculated the average heterozygosity among individuals within populations (Hs), the average heterozygosity for the populations (Ht), the proportion of genetic differentiation (Gst) between populations and gene flow (Nm). These parameters were obtained using the statistics described by Nei (1987) . The total averages considering all primers and populations are also presented (Table 5 ).
The Ht values were higher than the Hs values for the products of every primer. The Ht values ranged from 0.155 ± 0.009 (P9) to 0.201 ± 0.021 (P18), while the Hs values ranged from 0.100 ± 0.004 (P20) to 0.162 ± 0.007 (P10). For the total assembly of the primers and populations, the total average (TA) for Ht was 0.181 (±0.016), while that for Hs was 0.129 (± 0.006).
The proportion of total genetic variation (Gst), which is a function of how heterozygosity is divided within and between populations, was calculated according to Nei's formula 1 -(Hs / Ht). The Gst per primer for all populations ranged from 0.056 (for P9) to 0.463 (for P18). Gene flow (Nm), where m is the number of migrants per generation, inferred from Gst, produced inverse values as expected, with the highest value being detected for P9 (8.444) and the lowest for P18 (0.581). The total average (TA) for Gst and Nm for the six primers were 0.277 and 2.627, respectively.
A more detailed analysis using the same computer program allowed the detection of different values for Gst and Nm in pairwise comparisons of the populations (Table 6 ). Table 6 also includes the geographic distances in km for each pair. The data indicated a positive correlation between genetic differentiation and geographic distance, which was confirmed by a Pearson correlation coefficient = 0.45. The scatter plot (Figure 3) shows that in addition to the linear effect, there is a quadratic effect. Number of loci produced per primer, their size variation in base pairs, numbers of polymorphic and monomorphic loci produced per primer in every population, the total number considering the six primers (T), and the total of polymorphic and monomorphic loci per population (NT). For other abbreviation, see Table 1 . Table 6 . Pairwise comparisons of populations.
Pairwise comparisons performed to detect bands that were present only in the compared populations showed that the numbers of these bands, considering the six primers were as follows: RO X BA (12) RO X SL (3), RO X RP (2), RO X AR (0), BA X SL (5), BA X RP (2), BA X AR (5), SL X RP (2), SL X AR (3) and RP X AR (13). Considering the numbers, among the 12 bands that were exclusively shared by RO (susceptible population) and BA (population with decreased susceptibility), 9 showed frequencies in BA that were approximately half or even less of those in RO and one did not differ. The comparisons involving the susceptible RO population versus the resistant populations and between resistant populations showed low numbers of shared bands, with the exception of the RP X AR comparison. 
DISCUSSION
It is known that isolated populations may be different from each other, while the individuals within each of them are genetically similar. The opposite situation may occur when populations are closely located geographically and are subjected to a high level of gene flow (Falk et al., 2001) . In the present study, considering the six primers and the five A. aegypti populations involved in the analysis, the average total heterozygosity (Ht = 0.181) was higher than the average heterozygosity within each population (Hs = 0.129), indicating the role of geographic isolation in the production of genetic differentiation among the populations studied.
Additionally, taking into account all of the primers and populations, the average for Gst values (0.277) showed that, on the basis of Wright (1978) classification, the degree of genetic differentiation of these populations is very high. According to this author, genetic differentiation between populations ranging from 0 to 0.05 is indicative of low differentiation, 0.05 to 0.15 of moderate differentiation, 0.15 to 0.25 of high differentiation and greater than 0.25 of very high differentiation.
A high average genetic differentiation between A. aegypti populations has also been obtained in other studies involving mosquitoes from different regions of the world analyzed using RAPD-PCR or other techniques. García-Franco et al., 2002) , Argentina and Uruguay (de Sousa et al., 2001; Julio et al., 2009; Soliani et al., 2010) , and Puerto Rico (Apostol et al., 1996) .
Average Gst values for population groups have been predominantly used in the literature to discuss population structure of A. aegypti. However, in the present work, pairwise comparisons of populations showed that different situations are obscured in the average Gst value estimated for all populations. Using pairwise comparisons, individual analyses produced Gst values ranging from 0.044 (low differentiation) to 0.289 (very high differentiation). Examination of these individual Gst values indicated the involvement of geographic distance, but also of other factors affecting the structure of the populations. A positive correlation of the Gst values with geographic distance was confirmed by application of the Pearson coefficient (0.45). However, the scatter plot showed that, in addition to the linear effect, there is a quadratic effect, meaning that the two parameters are correlated but not in a proportional way.
In analyzing the genetic relationships of these populations, we must remember the short flight distance of A. aegypti and the above-mentioned easy transport, mainly of eggs, during the trade of different objects. Regarding the flight distance, Scarpassa et al. (2008) noted that a range of 50 to 800 m has been found in different studies on this mosquito.
Considering the Brazilian populations, the three pairwise comparisons associated with the greatest geographic distances involve SL with BA (2600 km), with RP (2700 km) and with AR (2800 km), whose Gst values were 0.187, 0.286 and 0.279, respectively. These were the highest Gst values obtained among the pairwise comparisons of Brazilian populations. São Luís is located in the state of Maranhão, in northeastern Brazil, while Bauru, São José do Rio Preto and Araçatuba are in the state of São Paulo, in the southeast. The two regions are very different in terms of climate. In addition, due to the great distance and transport difficulties involved, SL is situated in a region where there is scarce commercial activity with the Brazil-ian south, favoring the isolation from the other populations studied, explaining the low gene flow (Nm) values obtained.
The Brazilian populations from the state of São Paulo, which are geographically closer to each other (BA X RP =170 km, BA X AR = 200 km and AR X RP = 230 km) showed lower Gst values (and higher Nm values) than those observed in the comparisons involving SL, as expected. However, even with the relatively small geographic distance involved in BA X AR comparison, its Gst value (0.160) is considered indicative of high genetic differentiation according to the Wright classification. The BA X RP comparison showed moderate genetic differentiation.
The AR X RP comparison deserves special consideration. As mentioned above, these populations are separated from each other by 230 km (60 km more than between BA X AR and 30 km more than between BA X RP). However, their Gst value (0.044) was the lowest obtained in the present study, indicating a low level of genetic differentiation. Conversely, their Nm value was the highest. The occurrence of gene flow via passive transport may explain the low genetic differentiation observed between populations AR and RP because intensive trade and human traffic between the cities where they are located have continued for a long period. The cities of Araçatuba and São José do Rio Preto are more isolated in the northwestern region of the state, while the third population, BA, from Bauru, is more central and this city is preferentially involved in exchanges with other cities. These different interrelationships have been promoted by the fact that theses sites are served by different highways. The hypothesis of the repeated occurrence of passive transport between Araçatuba and São José do Rio Preto is highly supported by the generally intensive traffic of buses from the former to the latter to transport patients to the Hospital of the Medical School (FAMERP), located at São José do Rio Preto. People also predominantly travel from Araçatuba to São José do Rio Preto for shopping and for purchasing utilities. This coming and going may have propitiated (and perhaps still is) high gene flow through multiple passive migrations between these cities. This hypothesis does not rule out the possibility of a common origin for the two populations with the genetic similarity between them being maintained by the passive gene flow.
The fact that the populations studied were previously classified regarding the degree of mortality they exhibited when subjected to insecticide treatment allowed comparison the data on genetic differentiation from this perspective. The pairwise comparisons of the Brazilian populations with RO are the most informative in this respect because RO is the only population classified as susceptible among the populations studied. As expected on the basis of their large geographic distances (from 4000 to 6800 Km), the Gst values obtained in comparisons of RO with the Brazilian populations were predominantly higher than those obtained for comparisons between Brazilian populations. The average Gst for the group of pairwise comparisons involving RO versus Brazilian populations was 0.224, whereas 0.180 for the Brazilian group. However, taking into account whether the populations were insecticide resistant or not, the data appear to suggest that the genetic variation underlying resistance or susceptibility to insecticides may also be involved in the genetic differentiation of the populations compared. Thus, the comparisons involving the susceptible RO population with the resistant SL, RP and AR populations produced Gst values = 0.289, 0.209 and 0.207, respectively, values which are greater than those detected in the comparison involving the susceptible RO population with BA, which, when this study was performed, was considered to be in an intermediate state between resistance and susceptibility (Gst = 0.189). A hypothesis to explain these results could be that the genetic constitution of BA is more similar to that of RO because BA has not yet completed the genetic differentiation required to attain the resistant phenotype. In addition, 9 of the 12 loci that were common to these populations showed frequencies in BA that were half, or even less than half, of those present in RO, suggesting that the ¨susceptible genotype¨ is being substituted with the "resistant one".
According to Sousa-Polezzi and Bicudo (2005) the decrease in the frequency of some esterase bands and the simultaneous increase for others that they observed over time in A. aegypti suggest substitution of alleles under the environmental pressure caused by the intensive use of insecticides for control of this species. According to these authors, resistance is due to a group of genes that are simultaneously impacted by this environmental pressure, rather than to a single changed gene. In our study, the low number of bands shared between resistant populations might have been due to the selection of at least partially different genotypes for resistance, in different environments. In contrast, the high number of bands shared between AR and RP can be explained by intensive gene flow via passive migration as discussed above.
Thus, the data presented herein obtained through pairwise comparisons of A. aegypti populations, analyzed individually, allowed the detection of variable degrees of genetic differentiation and the analysis of the specific conditions underlying the differentiation of each pair, which are aspects that cannot be revealed by averaged data. The hypothesis that the genetic constitution underlying the degree of resistance of these populations could be used to evaluate the degree of genetic differentiation still requires further study for confirmation.
